Abstract: A sample from near the base of the sedimentary Hammamat Group at Gebel Umm Tawat, North Eastern Desert, Egypt, contains detrital zircons with sensitive high-resolution ion microprobe (SHRIMP) UPb ages as young as 585 AE 13 Ma. This age is within error of recent SHRIMP dates from the adjacent Dokhan Volcanic Series and establishes that they contributed material to the sediments. It is also c. 45 Ma younger than any zircon analysed from the upper part of the sedimentary sequence, suggesting that the volcanic source was either totally eroded or lay buried beneath the evolving Hammamat Group. Zircon populations in both samples show age peaks at 640 and 680 Ma; the former not previously identified as the time of major igneous activity in the North Eastern Desert. Both samples also contain zircons with ages ranging between c. 750 and c. 2630 Ma, indicating contributions from Proterozoic and Archaean sources unknown in the North Eastern Desert. The source of these zircons may lie to the SE in the Central and South Eastern Desert, to the SW in the Nile Craton, where sparse zircons of this age have previously been recorded, or they may be derived from further afield in the Arabian-Nubian Shield, from earlier continental nuclei incorporated during crustal accretion. Alternatively, as sedimentary clasts in the Hammamat samples indicate erosion of earlier sedimentary rocks, also unknown in the area, these may have been the direct source of the older zircons. However, whichever interpretation is correct, it appears likely that the Hammamat Group was deposited in a major fluvial system of continental proportions and not in isolated basins as previously believed.
The East African Orogen extends northward from southern Africa to the Nubian Shield of Egypt and the once contiguous Arabian Shield, now separated by the Red Sea. This Pan-African Orogen consists of a complex collage of Precambrian oceanic, island-arc and continental fragments, interpreted to be related to the opening and closing of the Mozambique Ocean between east and west Gondwana during Neoproterozoic time (Abdelsalam & Stern 1996; Johnson 2000) . All these various elements have been recognized in the Eastern Desert of Egypt (Engel et al. 1980) , although determining their precise relations is currently hampered by a lack of detailed field studies and the paucity of precise geochronological data. Several terranes have recently been proposed, but most of the available literature is based on earlier models. In southern Africa, the East African Orogen is ensialic and intimately associated with the earlier Mozambique belt (Kröner 1977) . Farther north, both ensialic and ensimatic components are recognized (Engel et al. 1980; Gillespie & Dixon 1983) , with extensive crustal development taking place in the Arabian-Nubian Shield between 1100 and 500 Ma ago (Ressetar & Monrad 1983; Johnson 2000) .
Within the Egyptian portion of the Arabian-Nubian Shield, the Eastern Desert region, bordering the Red Sea (Fig. 1) , has been subdivided into three component parts by Stern & Hedge (1985) : the North Eastern, Central Eastern and South Eastern Desert. Those workers noted the restriction of ophiolites to the southern parts, along with abundant gneissic rocks, whereas volcanic and sedimentary rocks tend to be more voluminous in the north. On the basis of Rb-Sr geochronology, they also recognized a progressive younging to the north.
The igneous rocks of the Eastern Desert have traditionally been divided into three main components, based initially on their relative ages; the 'older' and 'younger' granites, separated by the Dokhan Volcanic Series. The 'older' granites consist chiefly of gabbro, tonalite and granodiorite and have Rb-Sr ages from 711 to 610 Ma (Stern & Hedge 1985) . The 'younger' granites are more evolved and composed mainly of monzogranite and syenogranite, with Rb-Sr ages ranging from 595 to 570 Ma (Fullager & Greenberg 1978) . At the type locality of Gebel Dokhan, the Dokhan Volcanic Series has an Rb-Sr age of 592 AE 26 Ma (Stern & Hedge 1985) and sensitive high-resolution ion microprobe (SHRIMP) U-Pb zircon ages ranging from 602 AE 9 Ma for the lower part of the sequence to 593 AE 13 Ma for the upper part (Wilde & Youssef 2000) . The Dokhan Volcanic Series is closely associated with a major clastic sedimentary sequence, the Hammamat Group, with a reported Rb-Sr wholerock age of 585 AE 15 Ma (Willis et al. 1988 ).
Nature of the Hammamat Group

Geological setting
The Hammamat Group is a sequence of immature, clastic sedimentary rocks that crop out sporadically throughout the central and northern segments of the Eastern Desert of Egypt ( Fig. 1 ) (Hassan & Hashad 1990) . Together with the Dokhan Volcanic Series, they have been considered to reflect a significant change in Pan-African tectonics in the Eastern Desert, marking the end of a compressive, subduction-related regime and the onset of extension (Rogers & Greenberg 1983; Stern & Hedge 1985) . However, there is little agreement in the literature on a number of critical aspects concerning the Hammamat Group, including their stratigraphic position, grade of metamorphism, structure and tectonic significance. In terms of stratigraphy, the Hammamat Group is considered by some workers to underlie the Dokhan Volcanic Series (Stern & Hedge 1985; Willis et al. 1988) ; to be interleaved with them (Barthoux, 1922 , cited by Ghobrial & Lotfi 1967 Ghobrial & Lotfi 1967; Ressetar & Monrad 1983; Stern et al. 1984; Nairn et al. 1987; El-Gaby et al. 1989; El-Gaby 1994) ; or to overlie them (Dardir & Abu Zeid 1972; El Ramly 1972; Akaad & Noweir 1980; Ries et al. 1983; Hassan & Hashad 1990; Holail & Moghazi 1998) . The view of Willis et al. (1988) is especially confusing as, although the Dokhan Volcanic Series is stated to 'conformably overlie' the Hammamat Group (p. 175), it is also interpreted as providing detritus to the upper sequences of the Hammamat Group (p. 177); an impossible scenario. An alternative interpretation is that, at least at the type area of Wadi El Hammamat, the Dokhan Volcanic Series, although older, has been thrust over equivalents of the Hammamat Group (Ries et al. 1983) . The nature of the contact with the Dokhan Volcanic Series is variously described as conformable (Stern & Voegeli 1987; Willis et al. 1988) , unconformable (Dardir & Abu Zeid 1972 , tectonic (Ries et al. 1983 , or unconformable in places and tectonic in others (El-Gaby et al. 1989) .
With respect to metamorphism, Ghanem et al. (1973) and Hassan & Hashad (1990) have stated that the Hammamat Group has not undergone regional metamorphism, although it is locally affected by contact metamorphism around certain younger granite plutons. Conversely, Ahmed et al. (1988) reported that the rocks have undergone low-grade regional metamorphism with the production of muscovite, sericite and chlorite. This was further supported by Willis et al. (1988) , who showed that the illite crystallinity index and the presence of chlorite, epidote, actinolite, albite and sericite indicates greenschist-facies metamorphism.
In terms of structure, Akaad & Noweir (1980) recognized that the Hammamat Group was affected by two phases of folding. Ries et al. (1983) also identified two deformation events in which an early schistosity, resulting in flattening of conglomerate pebbles, was folded during a later event. They considered that the Hammamat Group was in fact a tectonic slice, and that the thrusts may also be folded. Kamel (1997) also described the Hammamat Group as being thrust over volcanic rocks of an arc assemblage. It is also possible, at least in the Central Eastern Desert, that deformation associated with the Najd Shear System (Sultan et al. 1988 (Sultan et al. , 1990 ) may have resulted in local deformation of the Hammamat Group (Fritz et al. 1996) . Because of the nature of the environment in which the sediments appear to have formed, it seems possible that a variety of metamorphic, stratigraphic and structural relations could, and do, occur.
Besides the possibility of real variability across the area, it seems likely that the lack of consensus could be exacerbated by the scattered nature of the outcrop and the consequent attempt to correlate all weakly metamorphosed sedimentary sequences in the Eastern Desert with the Hammamat Group; this may not be correct, as pointed out by Ghobrial & Lotfi (1967) . A similar problem is evident for the Dokhan Volcanic Series (Wilde & Youssef 2000) . The scattered nature of the outcrop and the possibility of diachronous volcanism mean that all rocks grouped as Dokhan Volcanic Series may not be coeval. Our recent study of this group from the type area of Gebel Dokhan (Wilde & Youssef 2000) has indicated SHRIMP U-Pb zircon ages of 602 AE 9 Ma for the lower part of the sequence and 593 AE 13 Ma for the Imperial Porphyry near the top of the unit. These data thus provide a time frame with which to compare the age structure of zircons within the Hammamat Group at Gebel Dokhan, which lies c. 5 km to the SE.
Sedimentology
The Hammamat Group was named after Wadi El Hammamat (Hume 1934; Akaad & Noweir 1969) , where the sequence is said to be at least 4000 m thick (Akaad & Noweir 1980) , although the lower and upper parts of the succession are not present (Ries et al. 1983) . Ghanem et al. (1973) referred to the Hammamat Group as molasse-type sediments that consist of polymictic conglomerate, arkose, greywacke, siltstone and minor mudstone. Akaad & Noweir (1980) subdivided the sequence into the lower Igla Formation, composed of sandstone, siltstone and mudstone (with a basal conglomerate), overlain by the El Shihimiya Formation consisting of conglomerate, wacke and sandstone.
Studies at Wadi Hammamat (Ries et al. 1983 ) indicate a range of clasts in the upper conglomeratic units (Um Had Conglomerate Member of Akaad & Noweir 1980) , including chert, jasper, vesicular basalt, intermediate to felsic volcanic rocks (including purple Dokhan-type andesite), quartz porphyry, foliated granite, magnetite-bearing granite, pink granite and vein quartz (Ries et al. 1983) . Rare serpentinite pebbles were reported (Andrew 1939, cited by Ries et al. 1983) ). A recent geochemical study of the wackes and siltstones at Wadi Hammamat (Holail & Moghazi 1998) (Holail & Moghazi 1998 ).
In the study area around Gebel Dokhan, Dardir & Abu Zeid (1972) referred to the Hammamat rocks as the 'Umm Tawat Sediments'. They form an arcuate band around the southern slopes of Gebel Dokhan (Fig. 2) and are greenish in colour, consisting of alternations of conglomerate, wacke and siltstone. The unit is c. 500 m thick, strikes ENE-WSW, and dips to the south. The sediments are said to rest unconformably on the Dokhan Volcanic Series, and contain volcanic pebbles derived from this unit, so that the age relations are considered unequivocal (Dardir & Abu Zeid 1972) . In the area that we studied (Fig. 2) , the two units are not in contact, and so it was not possible to directly determine this relationship. The sediments are weakly metamorphosed, but, unlike the type area at Wadi Hammamat, do not contain purple, hematite-rich varieties (Dardir & Abu Zeid 1972) . The rounded conglomerate pebbles consist of siltstone, mudstone, wacke, granophyric igneous rocks, and various intermediate to felsic volcanic rocks, set in a matrix rich in quartz and feldspar grains. The wackes are composed of angular quartz and feldspar grains set in a finer matrix of the same, together with some epidote. The siltstones are composed of angular quartz and rare feldspar, set in a finer matrix that locally contains some calcite.
A section across the Hammamat Group on the SW flank of Gebel Dokhan was investigated by Willis et al. (1988) . They defined a massive polymictic breccia at the base of the sequence, which contains clasts of gabbro, diorite, rare pink granite, green metasediments, and basaltic and andesitic volcanic rocks. This unit contains sandy interbeds that become more common upsequence, where they are overlain by tuffaceous shale and a 50 m thick unit of breccia. This is overlain by c. 50 m of arenite, with occasional cross-bedding, which passes upward into a further 50 m of tuffaceous shale and siltstone. The top unit is 40 m of breccia and conglomerate, with abundant clasts of pink granite. This is said to be conformably overlain by the Dokhan Volcanic Series. No structural information was presented so it is unknown whether the sediments are inverted (as recognized in areas at Wadi Hammamat by Ries et al. (1983) ), or whether the Dokhan Volcanic Series rocks are strictly interdigitated with the sediments, for it is impossible to explain the presence of Dokhan Volcanic clasts within the Hammamat sediments if the interpretation of Willis et al. (1988) is taken at face value.
From the nature of the conglomerate and breccia clasts and the geochemistry, Willis et al. (1988) noted a distinction between the upper and lower sequence at Gebel Dokhan. The lower sequence contains more mafic clasts in the proportions gabbro and diorite 19-31%, wackes 19-45%, volcanic rocks 8-19%, and granite and vein quartz 2-5%. This is interpreted as indicating a source from the south, as it matches lithologies in the Central Eastern Desert (Stern & Hedge 1985) . Conversely, the upper part of the Hammamat sequence (Willis et al. 1988) consists of sandstone 44.5%, siltstone 45.5% and shale 9% (but excluding the breccias and conglomerates from the calculations). This appears, from geochemical modelling, to be more consistent with derivation from a bimodal igneous terrane dominated by material from the Dokhan Volcanic Series (72%) and Gattarian (pink) granites (28%); suggesting a more local source (Willis et al. 1988) . Other important features to note are that the base of the Hammamat sequence at Gebel Umm Tawat is cut by the Salah El Belih granodiorite (Willis et al. 1988) , whereas Dardir & Abu Zeid (1972) noted the intrusion of pink Gattarian granites into the Hammamat Group, accompanied by local thermal metamorphism.
Previous geochronology
Existing constraints on the age of the Hammamat Group have been provided by studies in two areas: around the type area at Wadi Hammamat (Ries et al. 1983) and from the present study area near Gebel Dokhan (Stern & Hedge 1985; Willis et al. 1988; Wilde & Youssef 2000) . It should be noted that, for consistency, all errors on ages are quoted in this paper at 2ó, irrespective of how they were presented in the original papers. Ries et al. (1983) quoted a number of Rb-Sr whole-rock ages from a paper by Ries & Darbyshire (then in press) , although the latter paper was never published. The Um Had granite, which intruded and metamorphosed the Hammamat Group at Wadi Hammamat, has an Rb-Sr whole-rock age of 590 AE 11 Ma, providing a younger age limit for Hammamat sedimentation. Calc-alkaline volcanic rocks at Wadi Sodmein, equated with the older Dokhan Volcanic Series, have an Rb-Sr whole-rock age of 616 AE 9 Ma, thus providing an upper age limit for deposition of the Hammamat Group; sedimentation is thus bracketed by these two ages. Stern & Hedge (1985) utilized Rb-Sr whole-rock isochron and model ages (used when 87 Rb/ 86 Sr ratios were .9 and calculated using an initial 87 Rb/ 86 Sr ratio of 0.7035) and U-Pb zircon 'model' ages (based on analysis of one multi-grain zircon fraction projected to the upper intercept on concordia and assuming a lower intercept at 15 Ma) to date a number of key units in the Gebel Dokhan area relevant to the interpretation of the age of Hammamat sedimentation. The Salah El Belih granodiorite has an Rb-Sr model age of 571 Ma and a U-Pb zircon model age of 583 Ma. This rock cuts the Hammamat Group, as recognized by Willis et al. (1988) , and these ages are close to model ages of 575 Ma (Rb-Sr) and 579 Ma (U-Pb zircon) obtained from the Gebel Qattar Granite (Stern & 1985), which is also considered to post-date the Hammamat Group. A suite of dykes that cut both this granodiorite and the Hammamat Group define a Rb-Sr isochron age of 589 AE 8 Ma (Stern & Hedge 1985 ; note that this was misquoted by Willis et al. (1988) as 598 AE 8 Ma). These dykes are considered as potential feeders to the Dokhan Volcanic Series, for which Stern & Hedge (1985) obtained an Rb-Sr isochron age of 592 AE 26 Ma and for which Wilde & Youssef (2000) obtained SHRIMP U-Pb zircon ages of 602 AE 9 Ma and 593 AE 13 Ma for the lower and upper parts of the sequence, respectively, at Gebel Dokhan. Willis et al. (1988) undertook the only previous geochronological study of the Hammamat sediments themselves, utilizing Rb-Sr and K-Ar techniques on samples from the Gebel Dokhan area. The Rb-Sr data consisted of 10 whole-rock analyses: five shales, two siltstones, one sandstone and two calcite veins that cut the sedimentary sequence. Together these defined an isochron age of 585 AE 15 Ma. Rb-Sr data from untreated clay fractions gave a significantly older age of 643 AE 15 Ma. The K-Ar results were younger and more scattered, with four whole rocks ranging from 575 AE 14 to 496 AE 17 Ma and size fractions of five clay mixtures ranging from 588 AE 13 to 309 AE 7 Ma. In further analysis of their data, Willis et al. (1988) showed that the K-Ar age of the clay fractions decreased with grain size and they suggested a loss of 40 Ar as a result of later metamorphism that did not affect the Rb-Sr system. There is also evidence from Rb-Sr leaching experiments that leaching removed an easily exchangeable Sr component from the clay particles and the date obtained from residues was 524 AE 17 Ma. This, together with a similar K-Ar age from the intermediate-sized clay fractions of 535 AE 5 Ma, was taken to indicate a metamorphic overprint at c. 530 Ma; there is no adequate explanation for the even younger K-Ar ages, as they do not correspond to any known events in the area.
In summary, taking the available geochronological data from the Gebel Dokhan area at face value and considering the Dokhan Volcanic Series to be older than the Hammamat Group, the age of the Hammamat sediments must be younger than 593 AE 13 Ma (youngest SHRIMP U-Pb zircon age of Dokhan Volcanic Series) and older than 579 Ma (model zircon U-Pb age of postHammamat Gebel Qattar Granite). Willis et al. (1988) favoured a depositional age of c. 590 Ma.
SHRIMP U-Pb zircon data
Field setting
Two samples were selected for geochronological study of the provenance of the Hammamat Group at Gebel Umm Tawat, near Gebel Dokhan; one was taken from close to the top of the seqence (H1, 278089050N, 0338189080E) and the other (H2, 278079080N, 0338169290E) from near the base of the succession (Fig. 2) to test the view of Willis et al. (1988) that there were source differences between the upper and lower parts of the sequence. Samples were selected so as to avoid both the coarse conglomeratic layers and the fine-grained mudstones, on the premise that the former might contain material biased to a more local provenance whereas the latter might be overall depleted in heavy minerals, including zircon.
Petrography
Sample H1 is a dark grey, coarse-grained, coherent siltstone composed predominantly of angular to subrounded clastic grains of feldspar and quartz (average diameter 0.15 mm), with abundant interstitial opaque minerals and some graphite. There are a few small quartzo-feldspathic clasts and some compound quartz grains. Bedding is locally defined by layers up to 0.6 mm thick that are rich in graphite. Much of the feldspar has broken down either to minute subgrains of albite(?) or to a random felt of white mica and greenish brown biotite flakes, indicating lower greenschist-facies metamorphism. Although not obvious in hand specimen, shearing is fairly strong, with displacement of the graphitic layering by micaceous shears and by subparallel quartz micro-veinlets, where displacement may be as much as 8 mm.
Sample H2 is a dark grey, fine-grained rudite containing abundant clasts, up to 40 mm in size, set in a sparse, silty matrix composed of angular clastic grains of quartz and feldspar. The clasts range from angular to subrounded and show a weak preferred orientation when elongate; they include micaceous siltstone, fine-grained sandstone, tuffaceous rock, andesite and medium-grained diorite. An important feature is that several of the sedimentary clasts are cut by thin quartz veins that terminate at the clast boundary, indicating that veining occurred before incorporation in the rudite. The sedimentary clasts also contain abundant opaque minerals, chiefly magnetite. Ferromagnesian minerals in the igneous clasts are replaced by chlorite and greenish brown biotite flakes with a random orientation. Chlorite and biotite also occur, along with some white mica, within the tuffaceous clasts and are also present in the matrix, indicating that the rudite has undergone greenschist-facies metamorphism. A few thin quartz veins traverse both clasts and matrix, but there is less evidence of post-depositional deformation than in sample H1.
Analytical procedure
Approximately 0.5 kg of each sample was lightly crushed in a Tema mill and zircon crystals were extracted and separated into size fractions, using a combination of standard heavy liquid and magnetic techniques. Both samples contained a considerable yield of zircon. Individual crystals were hand picked and mounted onto double-sided adhesive tape along with several grains of the Curtin University standard zircon (CZ3) with a conventionally measured U-Pb age of 564 Ma (Pidgeon et al. 1994) . They were then set in epoxy resin, dried, ground and polished so as to effectively section the zircons in half, and then cleaned and gold coated.
U-Th-Pb analysis of the zircons was performed using the SHRIMP II ion microprobe at Curtin University, following standard techniques (Compston et al. 1992; Nelson 1997; Williams 1998) . Instead of the normal seven-scan run through the mass stations, utilized when analysing zircon in a 'conventional' analysis (Nelson 1997) , each grain was analysed over four scans. This decreases analytical precision but allows a greater number of grains to be analysed per session; 60 grains allow for a 95% probability of identifying a population consisting of 5% of the total (Dodson et al. 1988; Cawood & Nemchin 2000) . An average mass resolution of 5000 was obtained during measurement of the Pb/Pb and Pb/U isotopic ratios, and Pb/U ratios were normalized to those measured on the standard zircon (CZ3, 206 Pb= 238 U ¼ 0:0914) to account for elemental discrimination that occurs during sputter ionization (Kinny et al. 1993) . The calibration error associated with the measurement of Pb/U isotopic ratios for the standard, at 1 SD, was 1.7% (14 standards) for sample H1 and 1.93% (15 standards) for sample H2.
The analytical spot size was c. 30 ìm and each spot was rastered over 120 ìm for 3 min before analysis to remove any common Pb on the surface or contamination from the gold coating. The U-Pb ages obtained ranged from Archaean to Neoproterozoic. For ages older than 1000 Ma the 207 Pb / 206 Pb calculation was used, whereas younger ages for concordant grains are quoted using the 206 Pb/ 238 U calculation. Counts on 204 Pb were less than six times the average 204 Pb counts on the zircon standard (CZ3) and so the isotopic composition of Broken Hill lead was assumed for correcting the data, with common lead considered to be introduced mainly from the gold coating (Nelson 1997) . For consistency, all data were corrected using the 204 Pb method. All stated uncertainties in the data tables and figures are at 1ó, but the final mean ages for all groups are quoted at the 95% confidence level (2ó).
Analytical results
Sample H1. Zircon crystals selected for analysis from sample H1 were from the À74 ìm non-magnetic size fraction. The zircons are mostly colourless with a pale pink tint and are dominantly equant to weakly prismatic in shape, with well-developed crystal faces. Some crystals are more elongate (length:breadth ratio up to 3:1), whereas several grains are well rounded with pitted surfaces. A total of 66 measurements were made on 66 zircon crystals and the analytical results can be obtained from the Society Library or the British Library Document Supply Centre, Boston Spa, Wetherby, West Yorkshire LS23 7BQ, UK as Supplementary Publication No. SUP 18170 (9 pages), and are shown on a concordia plot in Fig. 3a . A preliminary discussion of these data was undertaken by Wilde & Youssef (2001) .
As can be seen from the concordia diagram (Fig. 3a) Analyses are also plotted on a frequency diagram (Fig. 4a) to highlight both the spread of ages and the discrete population groupings. This indicates a main composite grouping with a mean age of 650 Ma. If only those grains that are within 20% of being concordant are plotted (not presented), then this population can be divided into two main subgroups with mean ages of 646 and 671 Ma, with a slight 'shoulder' at 750 Ma. Stern & Hedge (1985) recorded several igneous episodes in the Eastern Desert of Egypt, based on their Rb-Sr data: at 780-750, 715-700, 685-665, 625-610, 600-575 and 555-540 Ma. Our results are not entirely consistent with these assigned intervals, suggesting a major source of material with ages between 690 and 631 Ma with peaks at 646 and 670 Ma. This is significant, because the 600-575 Ma age-bracket of Stern & Hedge (1985) is that which includes the Dokhan Volcanic Series. There is thus no evidence of derivation of sedimentary material from this source in the upper part of the Hammamat succession at Gebel Umm Tawat. However, from the immature nature of the clastic sediments it appears likely that they were derived from a dominantly local source. Other peak ages at 804, 874, 962, 1405 and 1751 Ma, although represented by only single zircon grains, do indicate the presence of a range of Proterozoic source rocks or possible recycling of such rocks through a previous sedimentary cycle, as indicated by the more extensive rounding and pitting of these grains and the presence of sedimentary clasts within the sample. There are no known primary source rocks in the North Eastern Desert that could have contributed such material, as is also the case for the single Archaean grain with a 207 Pb/ 206 Pb age of 2622 AE 6 Ma.
Sample H2. Zircon crystals selected for analysis from sample H2 were from the À105 ìm to þ74 ìm non-magnetic size fraction. The zircon population consists predominantly of pale pink, equant grains with well-developed crystal faces. However, a number are more elongate (length:breadth ratio up to 2.5:1) with pyramidal terminations and some are rounded and slightly darker in colour. The majority of crystals are translucent, although some are cloudy and metamict (these were generally avoided during analysis). The analytical results for 63 measurements on 63 zircon crystals from Sample H2 can be obtained from the Society Library or the British Library Document Supply Centre, Boston Spa, Wetherby, West Yorkshire LS23 7BQ, UK as Supplementary Publication No. SUP 18170 (9 pages) and are shown in a concordia plot in Fig. 3b . It should be noted that analyses H2-11 and H2-26 are omitted from the data, as these were strongly metamict grains with large analytical errors.
The concordia diagram (Fig. 3b) U ages in excess of 1000 Ma, which is over twice as many as in sample H1. All these grains are structureless in transmitted light and there is no evidence of any cores, even in those grains giving an Archaean age. This was borne out when the zircon mount was re-examined, with all older grains being distinctly rounded and forming c. 20% of the population.
As with sample H1, analyses are also plotted in a frequency diagram (Fig. 4b) to highlight both the spread of ages and the nature of discrete population groupings. Figure 4b reveals a main composite grouping with mean ages of 634 and 693 Ma, and a distinct peak at 751 Ma. These results are virtually identical to those from sample H1 (especially when only the most concordant data are considered), indicating that the same source regions were contributing material throughout deposition of the Hammamat sediments. Other peaks are evident at 823, 1098 823, , 1813 823, , 1883 823, , 1945 823, , 2334 823, , 2360 823, , 2451 823, , 2502 823, and 2639 Although based on analysis of only single grains (except for the two 2.6 Ga Archaean grains), the data do indicate a significant input of material from a Palaeoproterozoic source, with six grains showing an age distribution between 2451 and 1813 Ma. There are also three grains with Archaean 207 Pb/ 206 Pb ages of 2502 AE 6, 2632 AE 14 and 2643 AE 12 Ma, one of which is within error of the single grain analysed from sample H1.
Another important difference between the two samples is the presence of 11 zircon crystals in sample H2 that are younger than the youngest grain in sample H1 (c. 631 Ma). Although there is some overlap within error, the presence of grains with ages of 585 AE 13 and 599 AE 12 Ma indicates that this difference is real. These ages, and those close to 615 Ma, are consistent with derivation from the Dokhan Volcanic Series (Wilde & Youssef 2000) and substantiate the geochemical evidence (Willis et al. 1988; Holail & Moghazi 1998 ) that the lower part of the Hammamat Group includes material derived from the Dokhan Volcanic Series. Stern et al. (1984) and Stern & Hedge (1985) argued strongly for a major change in tectonic regime within the North Eastern Desert of Egypt after 610 AE 10 Ma ago. At this time, they suggested a change occurred from a dominantly compressive, subduction-related setting to one of north-south-or NW-SEdirected extension (Stern & Hedge 1985) . The Dokhan Volcanic Series and Hammamat Group were thus interpreted to represent products of this extensional phase. Willis et al. (1988) used the following features to support this view: (1) the bimodal nature of igneous activity (including the Dokhan Volcanic Series and Gattarian granites); (2) the extensive bimodal dyke swarms; (3) transform systems developed parallel to the extension direction; (4) the interpretation that the Hammamat Group is a rift-related succession.
Interpretation and tectonic significance
Previous views
The first two arguments appear rather tenuous, as the geochemical data for the Dokhan Volcanic Series (of which the dykes may have been feeders; Willis et al. 1988 ) presented by Basta et al. (1978) , Ressetar & Monrad (1983) and AbdelRahman (1996) are more consistent with a calc-alkaline suite of moderate maturity, formed in a well-developed island or continental arc. Furthermore, the geochemical data of Abdel- Rahman (1996) showed no evidence of bimodality.
With respect to the Hammamat Group sediments, the traditional view is that they are composed of braided-stream and alluvial fan deposits that formed in a series of intermontane basins (Grothaus et al. 1979) , each with their own drainage system (Dardir & Abu Zeid 1972) , controlled by the development of horst and graben in an overall extensional regime (Willis et al. 1988 ). This argument was based on the compositional and textural immaturity of the clastic sediments, with rapid facies variations (Willis et al. 1988) , the lack of quartz enrichment up-sequence (Grothaus et al. 1979 ) and the evidence that, at least in some areas, the detritus in the more conglomeratic units was of local derivation (Ahmed et al. 1988) . Because of these features, the Hammamat Group has commonly been referred to as a post-orogenic 'molasse' (Akaad & Noweir 1980; Hassan & Hashad 1990) , with the finer-grained facies deposited either in cut-off channels in braided streams or in lakes (Grothaus et al. 1979) .
It should be noted that Ries et al. (1983) were the first to suggest that the Hammamat Group, at the type area of Wadi Hammamat, was not a post-tectonic molasse, as the sediments were regionally metamorphosed to greenschist facies, the rocks were cleaved and deformed, the conglomeratic pebbles were stretched, and the whole sequence was thrust over the older Dokhan Volcanic Series. Kamel (1997) has also concluded that the Hammamat Group is thrust over an arc assemblage. Holail & Moghazi (1998) presented lithological and chemical data that similarly support an arc setting, with the quartz content of the fine-grained sediments (15-65%) consistent with an active continental margin and various geochemical plots indicating either an island or continental arc setting. The lack of weathering of material during transport, such as at Wadi Bali, was taken to indicate a local source, with material mainly derived from the Dokhan Volcanic Series (Holail & Moghazi 1998) , although they noted significant differences at Wadi Hammamat, where the material is more weathered and from a mixed source. However, Holail & Moghazi (1998) still favoured development of the Hammamat Group within localized, fault-bounded, intra-arc basins, with the sediments locally derived.
Evidence of older crust
Owing to the presence of detrital zircons in the Hammamat Group older than any known rocks in the North Eastern Desert (Stern & Hedge 1984) , it is necessary to review the evidence for pre-Pan-African crust in adjacent areas of the Arabian-Nubian Shield, so as to identify potential source regions for these older grains. The oldest published Rb-Sr whole-rock isochron age comes from the South Eastern Desert, where an age of 768 AE 61 Ma was obtained from the Abu Swayel rhyodacite by Stern & Hedge (1985) . In the Central Eastern Desert, Dixon (1981) reported U-Pb zircon ages from granitic cobbles in conglomeratic sediments which ranged from 1120þ230/À90 Ma to 2060þ100/À40 Ma in age. The data are, however, rather imprecise and discordant, with a long projection to the upper intercept. Sultan et al. (1990) also reported older components within the Central Eastern Desert, with U-Pb zircon data suggesting inheritance, possibly from a source as old as c. 1.6 Ga, within the 578 AE 15 Ma Nakhil granite. However, the zircon data are highly discordant, with a long extrapolation to the upper intercept with concordia. Recently Loizenbauer et al. (2001) , as part of a study of the Meatiq Core Complex in the northern part of the Central Eastern Desert, obtained a 207 Pb/ 206 Pb zircon evaporation age of 1149 Ma from an orthoamphibolite xenolith within the Um Ba'anib granite gneiss. They interpreted this as providing the first evidence of basement in this part of the Arabian-Nubian Shield. The host gneiss had a mean 207 Pb/ 206 Pb zircon evaporation age of 779 AE 4 Ma and the overlying metasediments in the ophiolitic cover sequence had a mean age of 788 AE 13 Ma, making these the oldest known components in the Eastern Desert.
In a broader regional context, the Eastern Desert of Egypt represents an ensimatic component in the northern part of the East African Orogen, with an ill-defined area west of the River Nile taken to be an older continental basement against which this terrane accreted (Kröner et al. 1987; Stern et al. 1994; Sultan et al. 1994; Johnson 2000) . This latter area is commonly referred to as the Nile (Abdelsalam & Stern 1996) or East Saharan (Kröner 1977) Craton. Although poorly investigated, limited U-Pb zircon data do provide evidence for the existence of older crustal components in this area. Kröner et al. (1987) reported discordant SHRIMP U-Pb detrital zircon ages from granulite-facies gneisses and migmatites at Sabaloka, in northern Sudan, with the oldest components having minimum 207 Pb/ 206 Pb ages between 2624 and 2521 Ma, but possibly extending back to 2650 Ma. Other samples gave discordant 207 Pb/ 206 Pb zircon ages of c. 2110 and c. 2000 Ma and more concordant dates between 1065 and 663 Ma. The lower intercept of many of the older populations is c.720 Ma, considered to result from Pb loss during granulitefacies metamorphism, which was dated at 719 AE 81 Ma using igneous zircon from enderbite. In the Wadi Halfa area of Sudan, Stern et al. (1994) obtained 207 Pb/ 206 Pb evaporation ages from detrital zircons in the Duweishat gneisses of 2.6, 2.4, 2.0, 1.74 and 1.23 Ga. These gneisses were metamorphosed during the earliest Pan-African event at c. 720 Ma. Further north in Egypt, gneissic inliers in the Uweinat area (Sultan et al. 1994) include the gabbroic anorthosites at Gebel Kamil, with a conventional single-grain 207 Pb/ 206 Pb igneous zircon age of 2629 AE 3 Ma and a metamorphic overprint dated at 2063þ8/À7 Ma. In the same general area at Gebel El Asr, Sultan et al. (1994) obtained single-grain 207 Pb/ 206 Pb zircon ages of 690 Ma, but with evidence of a 1.9-2.1 Ga inherited component.
Finally, it should be noted that Archaean to Palaeoproterozoic ages have also been recorded from more distant parts of the Arabian-Nubian Shield. In Saudi Arabia, Stacey & Hedge (1984) reported a discordant U-Pb zircon age of c. 1628 Ma at Jabal Khida in the Afif terrane, which was interpreted as the age of the host granodiorite. More recent work in the Khida area by Whitehouse et al. (2001) has established ion microprobe zircon U-Pb ages of 1660 AE 10 Ma for the Muhayil granite, whose Sm-Nd depleted mantle model age (t DM ) of ca. 2.5 Ga indicates a late Archaean to early Palaeoproterozoic source for the granite. Sediments that predate the Siham arc (.750 Ma) contain significant components of late Archaean to early Palaeoproterozoic detrital zircons (Whitehouse et al. 2001) , with U-Pb ages grouped at 2.6-2.4, 1.9-1.65 and 950-800 Ga; age groups also recorded from the Hamammat Group samples. Stacey & Agar (1985) reported a metamorphic age of c. 1773 Ma from detrital zircons in the Kabid paragneiss of the Afif terrane and Calvez et al. ( , quoted by Sultan et al. 1990 ) an age of c. 2067 Ma from inherited zircons in a trondhjemite from the Al Amar region. In Yemen, Whitehouse et al. (1998) obtained SHRIMP 207 Pb/ 206 Pb inherited zircon ages as old as 2938 AE 33 and 2730 AE 33 Ma from granitic gneisses of the Al-Mahfid terrane, with the igneous crystallization age of the protolith considered to be c. 2550 Ma. Many of the data are discordant and are considered to have suffered Pb loss at c. 760 Ma, the time of emplacement of granitic sheets; there is also evidence of an earlier event at c. 900 AE 50 Ma, recorded by overgrowth rims on oscillatory zoned igneous zircons. The nearby Abas terrane also shows evidence of the c. 760 Ma event, but only minor evidence of any earlier material (Whitehouse et al. 1998 
New interpretation
The results provided by this U-Pb zircon provenance study allow additional constraints to be placed on the evolution of the Hammamat Group and the late Pan-African development of the Eastern Desert. First, it needs to be stressed that although the sediments at Gebel Umm Tawat have traditionally been equated with the Hammamat Group (Barthoux 1922, cited by Ghobrial & Lotfi 1967; Hume 1934) , the isolated nature of the sedimentary outcrops throughout the North and Central Eastern Desert of Egypt indicates the need for caution in making wider correlations (Ghobrial & Lotfi 1967) . Furthermore, Hume (1934) recognized two sedimentary 'series', and Engel et al. (1980) reported sediments that are older than, and interfinger with, calc-alkaline volcanic rocks that are considered to predate the Dokhan Volcanic Series.
The abundance of sedimentary clasts in samples H1 and H2 establishes that there were pre-existing sedimentary rocks in the source area and that these were incorporated throughout the depositional history of the sequence at Gebel Umm Tawat. As previously described, some clasts were veined by quartz before incorporation in their present setting and the clasts were therefore coherent during transport; they were thus already sedimentary rocks and not incoherent sediment at this time.
The dating of the youngest detrital zircon present in a sedimentary rock establishes the oldest possible age of deposition. For sample H1 from near the top of the succession at Gebel Umm Tawat this is 631 AE 11 Ma and for sample H2 from near the base of the succession (Fig. 2) it is 585 AE 13 Ma. It is noteworthy that grains in the basal part of the sequence are up to 45 Ma younger than those higher in the sequence. This is difficult to explain unless the Dokhan Volcanics Series, which clearly contributed detritus to the lower part of the sequence (Willis et al. 1988; Holail & Moghazi 1998) , was entirely covered by Hammamat sediments in the source area at the time the upper Hammamat Group was deposited. The age of 585 AE 13 Ma is remarkably close to, and within error of, the c. 590 Ma age of deposition favoured by both Ries et al. (1983) and Willis et al. (1988) . Furthermore, the age of 593 AE 13 Ma for the youngest part of the Dokhan Volcanic Series (Wilde & Youssef 2000) and the zircon 'model' age of 583 Ma for the Salah El Belih granodiorite, which cuts the Hammamat Group (Stern & Hedge 1985) , broadly constrain Hammamat sedimentation to within 10 Ma (between 593 and 583 Ma). Willis et al. (1988) , albeit based on a rift-related model, estimated that sedimentation was completed in less than 3 Ma.
The other significant feature of our results is the presence of detrital zircons that are older than any rocks known in the North Eastern Desert. Older zircons are present in both Hammamat Group samples analysed in this study, with minor populations occurring between 800 and 1000 Ma (Fig. 4a and b) , but being more abundant in the lowermost sample (H2), where c. 20% of zircons are more than 1000 Ma old. Because the clasts and matrix were crushed together during sample preparation, it is not possible to determine if these older grains are restricted to certain clast types or whether they are also present in the matrix. However, whatever the source, the fact remains that material spanning virtually the whole of Proterozoic time (plus Archaean grains in each sample) contributed to the sediments at Gebel Umm Tawat.
Whereas it is possible that some older Precambrian rocks have not been recognized during earlier studies, or else lie buried beneath rocks currently exposed in the North Eastern Desert, this appears unlikely as post-Pan-African tectonics have only slightly modified the surface exposure, with the development of horst and graben related to Red Sea rifting locally preserving the overlying Nubian Sandstones (Ahmed et al. 1988 ). It appears more likely that the currently favoured model that the Hammamat Group formed in isolated basins, whether rift related or intra-arc, requires revision.
The work of Ries et al. (1983) around Wadi Hammamat indicated that many contacts were in fact tectonic and that the present sequence was therefore structural rather than stratigraphic. The prevailing trend of the finite extension lineation throughout the sequence is NW-SE and this was interpreted to indicate a NW transport direction on the thrusts (Ries et al. 1983) . However, identification that the Najd shear system extended from Saudi Arabia into the Central Eastern Desert (Sultan et al. 1988 ), a distance of over 1200 km before opening up of the Red Sea, provides an alternative explanation for not only the NW elongation and subhorizontal mineral lineations but also the locally intense deformation within the Hammamat Group. Deformation associated with the Najd system occurred between 630 and 530 Ma (Stacey & Agar 1985) and might also account in part for the isolated nature of the Hammamat Group sediments, at least within the Central Eastern Desert, for the system does not appear to extend into the North Eastern Desert (Abdelsalam & Stern 1996) . On the basis of the overall similarity of sediment type within isolated outcrops of the Hammamat Group (and consistent with either of these structural interpretations), Ries et al. (1983) suggested that at least the upper part of the group may once have been continuous across the area. This is an important observation, as it accords well with the present zircon results.
On the basis of the provenance data, we would argue that not only was the upper part of the Hammamat Group continuous across much of the Eastern Desert, but so too was the lower part, where there is an even greater proportion of older zircon crystals that cannot be related to any known rock types in the area. Whereas our data suggest that the greater proportion of material was local in origin ( Fig. 4a and b) , both the c. 750 Ma population and the 10-20% of zircons with ages greater than 1000 Ma clearly indicate the availability of older crustal material. The fluvial nature of the Hammamat Group sediments (Grothaus et al. 1979) leads to the suggestion that a major drainage system was developed across the area, which either tapped an adjacent, earlier Precambrian terrane and/or recycled an earlier generation of sediments, such as those containing the older clasts recognized by Dixon (1981) from the Central Eastern Desert. The c. 750 and c.820 Ma zircons abundant in the basal sample (H2, Fig. 4b ) have remarkably similar ages to zircons recorded by Loizenbauer et al. (2001) from the Meatiq Core Complex, c. 140 km to the SSE in the Central Eastern Desert. Furthermore, although the zircons found in both samples H1 and H2 with ages between c. 2500 and c. 1090 Ma cannot be matched with data from adjacent areas, the Archaean grains with ages of 2640 and 2622 Ma are virtually identical to ages recorded from the Nile Craton in both Egypt and Sudan Sultan et al. 1994) , c. 500 km to the SW. Although these are the nearest and potentially the most likely source areas, it should be noted that both c. 760 Ma and c. 2640 Ma zircons have been recorded from Yemen by Whitehouse et al. (1998) and so an even more distant source cannot entirely be ruled out.
Conclusions
The U-Pb age structure of zircons analysed from two samples of Hammamat Group sediments from Gebel Umm Tawat indicates a number of important points.
(1) The bulk zircon population in samples from the upper and lower part of the sedimentary succession is in the age range 750-600 Ma, with peak values at around 680 and 640 Ma. Only the 680 Ma peak has previously been identified from rock units in the area ('685-665 Ma episode' of Stern & Hedge 1985) , including several tonalite-granodiorite plutons, together with an Rb-Sr age of 686 AE 56 Ma from Dokhan Volcanic andesites at Gebel Nuqrah (Stern & Hedge 1985) and two concordant zircon cores in a sample from the upper part of the Dokhan Volcanic Series at Gebel Dokhan, which defined a weighted mean 206 Pb/ 238 U age of 685 AE 16 Ma (Wilde & Youssef 2000) . Evidence from the Hammamat Group indicates that significant volumes of igneous rocks in the 680-640 Ma age range were present and were being actively eroded during deposition of the sediments. Such rocks may simply not have been identified as a result of a general lack of modern geochronological studies in the Eastern Desert or, alternatively, they may be present at depth, overlain by younger material.
(2) The lower part of the Hammamat succession contains zircons that are up to 45 Ma younger than any recorded from the upper part of the sequence. Furthermore, these ages are consistent with derivation from the underlying Dokhan Volcanic Series (Wilde & Youssef 2000) , which have previously been identified as a major local contributor of clastic detritus both from the geochemistry (Holail & Moghazi 1998) and from actual clasts within the sediments (Dardir & Abu Zeid 1972; Willis et al. 1988) . First, this establishes that the Dokhan Volcanic Series is indeed older that the Hammamat Group, something that is not always clearly evident in some of the earlier literature (see previous discussion). Second, this variation appears to be best explained by a combination of two factors: the rapid erosion of material during the early stage of Hammamat sedimentation, perhaps resulting in extensive depletion of volcanic rocks from the source regions, and also the rapid deposition of the Hammamat Group, possibly choking valleys and blanketing the volcanic rocks, so that they could no longer be eroded.
(3) A spectrum of zircon ages, older than any rocks so far identified in the North Eastern Desert, are present in both the lower and upper parts of the Hammamat Group, although they are over twice as abundant in the lower part of the sequence. These zircons record 207 Pb/ 206 Pb ages from c. 800 to c. 2630 Ma, indicating derivation from early Neoproterozoic, Mesoproterozoic, Palaeoproterozoic and Archaean source rocks. Although, as stated above, few modern geochronological studies have been undertaken in the area, it seems unlikely that rocks with these ages would have remained totally unidentified during previous investigations. The fluvial nature of the sediments (Grothaus et al. 1979 ) and the zircon age pattern identified in this study are taken to indicate that the Hammamat Group was not, as previously considered, deposited locally in a series of isolated intermontane (Grothaus et al. 1979) or intra-arc (Holail & Moghazi 1998) basins. Instead, the exotic nature of these older zircon populations seems best explained by considering that the Hammamat Group was deposited in a major river system of continental-scale proportions. The exact source of these Proterozoic and Archaean zircons is unknown. Engel et al. (1980) favoured a source west of the Nile for the older granitic clasts in a conglomerate from the Central Eastern Desert (see also Dixon 1981) , which had U-Pb zircon ages between c. 1100 and c. 2050 Ma. Similarly, the abundance of c. 750 Ma zircons and the age of the Archaean grains identified in this study show marked similarities with material identified from the Nile Craton (Kröner et al. 1987; Stern et al. 1994; Sultan et al. 1994) . Alternatively, the Hammamat Group in the North Eastern Desert may have been fed from the SE by recycling of older sedimentary rocks in the Central and South Eastern Desert, which themselves were partially sourced by erosion of Precambrian rocks in the Nile or Congo Cratons to the SW. It is also possible, given the more extensive nature of Hammamat Group sedimentation proposed above, that the source was much further afield, possibly from terranes in Saudi Arabia or Yemen (Stern 1994 : Johnson 2000 , where the similarity in age pattern is marked (Whitehouse et al. 1998 (Whitehouse et al. , 2001 Johnson 2000) . Certainly, accretion of the Arabian-Nubian Shield was completed by the time the Hammamat Group was deposited (Stern 1994; Johnson 2000) and the continuity of the Najd shear system (Sultan et al. 1988 ) may have provided an almost continuous link over a distance in excess of 1000 km. Whatever the direct source, it seems likely that the material had a southerly provenance. It therefore appears likely that the present restricted distribution of the Hammamat Group is not a reflection of sedimentation but more a function of later rifting, associated with the development of the Najd shear system during late Pan-African times and more recently during formation of the Red Sea. Detailed sedimentological studies to determine transport direction of the Hammamat Group would go some considerable way to answering this question.
(4) Finally, caution must again be expressed that all fluvial sediments currently classified as Hammamat Group need not necessarily be the same age, a view originally put forward by Ghobrial & Lotfi (1967) . In support of this argument is the fact that clasts of sedimentary rock, cut internally by quartz veins, are incorporated within sample H2, collected from the lower part of the succession at Gebel Umm Tawat. Clearly, all sedimentary rocks in the North Eastern Desert cannot be of the same age.
